INTRODUCTION
In glomerulonephritis (GN), the infiltration of inflammatory cells is a critical event in disease initiation and progression. The type of infiltrating cell varies depending on the specific disease entity, but it is widely agreed that prolonged exposure to the cytokines, growth factors and matrix that infiltrating cells produce has deleterious effects. The expression of adhesion molecules on endothelial cells is a prerequisite for directing cell influx into the glomerulum, but their expression on other resident glomerular cells is less well characterized. However, once the vascular barrier is overcome, it is thought that mesangial cells (MCs), known for their ability to behave like inflammatory cells, could also be targeted by circulating leukocytes or monocytes. Moreover, MCs are known to express major histocompatibility complex (MHC) class II molecules, 1,2 which would allow them to function as antigenpresenting cells, using intercellular adhesion molecule 1 (ICAM-1) as a costimulatory molecule. This may be potentially relevant in glomerular diseases caused by pathogens that are able to elicit an immune response. In the case of hepatitis C virus (HCV)-associated GN, immune complexes containing viral RNA have been detected locally, [3] [4] [5] supporting the hypothesis that a so-called 'planted antigen' triggers glomerular disease. Both ICAM-1 and vascular cell adhesion molecule 1 (VCAM-1) have been found to be significantly increased in patients with severe cryoglobulinemic vasculitis associated with hepatitis C, 6 and the cryoprecipitates are able to induce endothelial ICAM-1 and VCAM-1 expression in vitro. 7 Based on these data, we intended to test whether the activation of the innate immune system viral receptors expressed on MCs leads to the amplification of antiviral responses and contributes to the establishment of glomerulopathy by regulating adhesion molecules or facilitating the intrarenal recruitment and activation of monocytes via macrophage colony-stimulating factor (M-CSF). Because the impact of mesangially expressed Toll-like receptor 3 (TLR3) on hepatitis C-associated GN had been demonstrated previously, [8] [9] [10] in vitro assays were performed using established TLR3 ligands, namely, the synthetic viral dsDNA analogue polyriboinosinic:polyribocytidylic acid (poly(I:C)) 11 and HCV RNA isolated from patient sera.
MATERIALS AND METHODS

Cell culture of human MCs
Immortalized human MCs were grown as described previously and incubated with culture medium alone or medium containing the indicated test substances. 12 The cytokine concentrations used were 25 ng/ml for tumor necrosis factor-a (TNF)-a, 10 ng/ml for IL-1b and 20 ng/ml for interferon (IFN)-c. MCs were stimulated as indicated. For cytokine prestimulation experiments, MCs were incubated in culture medium with or without a mixture of TNF-a, IL-1b and IFN-c for 12 h, washed with phosphate-buffered saline, incubated in culture medium for 6 h and washed again with phosphate-buffered saline. Subsequently, the MCs were incubated in culture medium with or without poly(I:C) (10 mg/ml) as indicated. For poly(I:C) prestimulation experiments, MCs were incubated in culture medium with or without poly(I:C) RNA (10 mg/ ml) for 24 h, washed with phosphate-buffered saline, and subsequently incubated in culture medium with or without TNF-a for the indicated time intervals. For each stimulation experiment, controls were performed in parallel using culture medium alone. For mRNA level analyses, the extraction of total RNA was performed using an RNeasy Mini Kit (Qiagen, Hilden, Germany) with additional DNase digestion.
Quantitative reverse transcriptase-polymerase chain reaction (realtime PCR) analysis Real-time PCR analysis was performed as described. 8 A total of 2 mg isolated total RNA was subjected to random primed reverse transcription using MMLV-RT (Superscript; Life Technologies, Karlsruhe, Germany). In parallel, 2 mg aliquots were processed without reverse transcription to control for contaminating genomic DNA. Real-time PCR was performed on a TaqMan ABI 7700 sequence detection system (PE Applied Biosystems, Weiterstadt, Germany). rRNA was used as a reference gene. All water controls were negative for both the targets and rRNA. The following GenBank sequences were used for the design of the predeveloped Taq Man assay reagents or primers and probes, purchased from Applied Biosystems: NM_000201 (human ICAM-1), NM_080682, NM_001078.2, M30257.1, M603335.1 (human VCAM-1), NM_172210.2, NM_172211.2, NM_172212.2, NM_000757.4 (human M-CSF) and M33197 (human rRNA).
Fluorescence-activated cell sorting (FACS) analysis FACS analysis was performed as described. 8 ICAM-1 and VCAM-1 were measured on the surfaces of cells fixed with 4% formaldehyde and stained with anti-ICAM-1-FITC or anti-VCAM-1-FITC or the corresponding FITC-labeled negative control. For the measurement of intracellular M-CSF expression, cells were permeabilized using 0.1% Triton for 2 min on ice and fixed with 4% formaldehyde prior to staining with anti-M-CSF-PE or the corresponding PE-labeled negative control. Anti-ICAM-1, anti-VCAM-1, anti-M-CSF and their respective negative controls were obtained from Biozol, Eching, Germany; Southern Biotech, Birmingham, AL, USA; R&D Systems, Minneapolis, MN, USA, respectively. A FACSCanto II flow cytometer (Becton Dickinson, San Jose, CA, USA) was used to measure the proportion of cells expressing each protein. The data were analyzed using FACSDiva software (Becton Dickinson).
Knockdown of gene expression with short interfering RNA (siRNA) Predesigned siRNAs specific for TLR3 and RIG-I were purchased from Ambion (Tokyo, Japan). The siRNA was transfected into the cells using the siPORT-NeoFX transfection agent (Ambion), as described previously. 13 Scrambled siRNA was used as the nonspecific negative control siRNA (Ambion). Cells were treated with siRNA for 24 h and washed once with cell culture medium to remove any remaining transfection agent.
Preparation of HCV RNA
Exosomes containing viral RNA from the sera of human patients with high viral loads were isolated by centrifugation, as described previously.
14 Samples (20-50 ml) of clotted human whole blood were centrifuged at 1500g for 10 min. The supernatant was collected and centrifuged again at 10 000g for 30 min to remove solid remnants, and the resulting supernatant was centrifuged at 70 000g for 60 min in an SW28 rotor (Beckman Instruments Inc.). The pellet was dissolved in 1 ml cell culture medium without serum or antibiotics, and Lipofectamine was added. The concentration of HCV used for stimulation was 100310 6 geq/ml, confirmed by RT-PCR. For HCV stimulation, confluent human MCs in 6-well plates were used; once the virus was added, the plates were centrifuged at 1000g for 45 min to allow efficient viral infection. Subsequent stimulation was performed as indicated.
Statistical analysis
All values are provided as the mean6SEM. Statistical analysis was performed using the unpaired t-test or ANOVA, as applicable. Significant differences in expression levels are indicated for P values ,0.05 (*) or ,0.01 (**), respectively.
RESULTS
The effect of poly(I:C) on the expression of ICAM-1, VCAM-1 and M-CSF in human MCs
Because MCs play an important role in immune-mediated glomerular disease, and adhesion molecules and M-CSF are key mediators of leukocyte attraction to the site of inflammation, we examined the expression of ICAM-1, VCAM-1 and M-CSF in cultured human MCs upon exposure to the cytokines TNF-a, IL-1b and IFN-c. These cytokines were chosen to simulate an inflammatory milieu similar to what would occur during virus-associated GN. MCs were stimulated with the cytokines TNF-a, IL-1b and IFN-c alone or in combination for different lengths of time, and the expression of ICAM-1, VCAM-1 and M-CSF was subsequently analyzed by realtime PCR. The expression of these genes was significantly upregulated after 3, 6, 12 and 24 h of TNF-a treatment. IL-1b treatment increased the expression of ICAM-1 and VCAM-1 significantly after 3, 6 and 12 h and increased the expression of M-CSF after 3, 6, 12 and 24 h. IFN-c had no effect on the basal expression of ICAM-1, VCAM-1 or M-CSF. The highest ICAM-1 expression was observed when MCs were stimulated with the combination of the cytokines for 3, 6 or 12 h; after 24 h, ICAM-1 expression levels were comparable to those induced by TNFa. The maximal increases in both VCAM-1 and M-CSF expression were induced by the combination of cytokines after 3 and 6 h (Figure 1 ).
The effect of poly(I:C) on the expression of ICAM-1, VCAM-1 and M-CSF in human MCs During viral infection, viral RNA is thought to reach the mesangium and therefore potentially activate receptors for dsRNA. Here, MCs were stimulated with poly(I:C) (10 mg/ml), mimicking viral RNA for different time intervals (3, 6, 12 or 24 h), and the expression of ICAM-1, VCAM-1 and M-CSF was analyzed by real-time PCR. Stimulation with poly(I:C) resulted in an increase in ICAM-1 expression after 3, 6, 12 and 24 h, with a maximal increase at 12 h (Figure 2a) . VCAM-1 (Figure 2c ) and M-CSF (Figure 2e ) expression was also significantly induced at all stimulation time points, with peak expression at 6 h. MCs were then incubated with culture medium alone (basal) or culture medium containing poly(I:C) at different concentrations (0.5, 5 or 10 mg/ml) for 24 h. The exposure of MCs to different concentrations of poly(I:C) increased the levels of ICAM-1 (Figure 3a) , VCAM-1 (Figure 3b ) and M-CSF (Figure 3c ) mRNAs in a dose-dependent manner. Because an induction of the viral receptors TLR3 and RIG-I was previously observed after treatment with a combination of the cytokines TNF-a, IL-1b and IFN-c, 4, 6 MCs were pre-incubated with a combination of these cytokines and subsequently stimulated with different concentrations of poly(I:C) (0.5, 5 or 10 mg/ml) for 24 h. The concentration-dependent poly(I:C)-induced increase in ICAM-1 (Figure 3d ) and M-CSF (Figure 3f The effect of TNF-a on the expression of ICAM-1, VCAM-1 and M-CSF in cultured human MCs TNF-a is known to play an immunoregulatory role in inflammatory glomerular processes. To investigate this role, MCs were stimulated with TNF-a for different intervals (3, 6, 9, 12 or 24 h), and the expression of ICAM-1, VCAM-1 and M-CSF was analyzed by real-time PCR. TNF-a treatment led to a significant increase in ICAM-1 (Figure 4a ), VCAM-1 (Figure 4b ) and M-CSF (Figure 4c ) expression at all time points, with an early maximum at 3 h for M-CSF and at 6 h for ICAM-1 and VCAM-1.
The poly(I:C)-mediated induction of ICAM-1, VCAM-1 and M-CSF is enhanced by TNF-a We have previously shown that poly(I:C) increases the expression of the mesangial TNF-a receptor 2.
14 In the present manuscript, we demonstrate that TNF-a induces the expression of the adhesion molecules ICAM-1, VCAM-1 and M-CSF (Figure 1) . To test for an enhancement of the poly(I:C)-mediated induction of ICAM-1, VCAM-1 and M-CSF by TNF-a, MCs were incubated with poly(I:C) (10 mg/ml) for 24 h and then stimulated with TNF-a for different intervals (6, 12 and 24 h). The increase in the expression of ICAM-1, VCAM-1 and M-CSF stimulated by poly(I:C) persisted until 12 h of incubation with culture medium alone (poly(I:C)); after 24 h, the expression of the target genes was comparable to that in the control. Subsequent TNF-a stimulation significantly enhanced the poly(I:C)-induced expression of ICAM-1 (Figure 5a 
DISCUSSION
The infiltration of inflammatory cells into the glomerulum is a feature shared by the majority of glomerulopathies and has been suggested to play a substantial part in the initiation and progression of local immune and inflammatory responses. Both ICAM-1 and VCAM-1 are known to be of pivotal importance in the transendothelial migration of leukocytes by mediating the firm adhesion of leukocytes to endothelium, 15 while ICAM-1 has the principal role during the transmigration stage. 16 M-CSF facilitates monocyte survival, monocyteto-macrophage conversion and macrophage proliferation. 17 As we have shown previously, the activation of the viral receptor TLR3 expressed on human MCs amplifies antiviral and inflammatory responses by inducing the expression of cytokines and chemokines involved in hepatitis C-associated GN, which is characterized by the deposition of immune complexes containing viral RNA. [8] [9] [10] With the intent to define further immune regulatory functions of MCs, we analyzed the mesangial expression of adhesion molecules and M-CSF in response to viral receptor activation. These experiments 
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provide evidence of a time-and dose-dependent induction of ICAM-1, VCAM-1 and M-CSF in human MCs by poly(I:C), a synthetic analogue of viral dsRNA, on both the mRNA and protein levels of these molecules; this effect is mediated specifically by the viral receptor TLR3. These experimental findings were confirmed by the incubation of MCs with HCV RNA, thereby underscoring the potential clinical impact of the results presented. Correspondingly, in IgA nephropathy, a glomerulopathy that is likewise induced and aggravated by viral infections, increased ICAM-1 expression was found in the mesangium in patients with advanced disease, 18, 19 and enhanced glomerular and interstitial granulocyte macrophage colony-stimulating factor expression correlated with the progression of tissue injury. 20 Moreover, our in vitro results match earlier clinical observations implicating ICAM-1 and VCAM-1 in active inflammation in immune complex and crescentic GN. 21, 22 Of particular interest, we found that the prestimulation of cells with cytokines to simulate an inflammatory milieu enhanced the poly(I:C)-dependent induction of ICAM-1 and M-CSF but significantly suppressed VCAM-1. Again, our experimental results are consistent with the finding of differential expression of ICAM-1 and VCAM-1 in cellular versus fibrous crescents and in subtypes of ANCA-associated vasculitis. 23 We infer that mesangially expressed VCAM-1 is relevant for the limitation of inflammatory reactions.
Because TNF-a is a cytokine known to balance proinflammatory and immunosuppressive effects in inflammation and has been attributed an important role in renal injury in various disease entities, we next analyzed the effect of TNF-a treatment on the mesangial expression of adhesion molecules and M-CSF. Given that the activation of TLR3 induces mesangially expressed TNF-a and that MCs exhibit functional TNF-a receptors of both subtypes, 14 its regulatory role in further inflammatory responses was predicted. Indeed, TNF-a upregulates mesangial ICAM-1, VCAM-1 and M-CSF expression, and is able to amplify their induction by TLR3, thereby modulating the antiviral response.
The results presented might well be relevant beyond viral diseaseassociated glomerulopathies. Indeed, not only is high glucose known to induce mesangial ICAM-1 expression 24 and ICAM-1-deficient mice show less glomerular hypertrophy and mesangial matrix expression upon induction of diabetes, 25 but certain ICAM-1 gene polymorphisms confer susceptibility to the development of type 1 diabetes and diabetic nephropathy. 26 The increase in ICAM-1 induction promoted by viral RNA might thus explain the worse prognosis of diabetic nephropathy in patients with concomitant hepatitis C infection. 27 Moreover, gene expression profiling of aging glomeruli demonstrates the activation of pathways that likely use NFkB as a transcriptional regulator; 28 in that NFkB represents an integral component of the signaling pathway downstream of TLR3, 29 viral infections could confer a risk for the development of glomerulosclerosis independent of the inflammatory tissue injury. Furthermore, the prognosis of any known glomerulopathy is made worse by hypertension, which might be partly explained by the amplification of shared pathways in pathogenesis, as demonstrated in hypertensive animal models that show an increased expression of adhesion molecules and upregulation of NF-kB, 30 apart from cyclic stretch of MCs directly induce the expression of functional ICAM-1. 31 In summary, we provide evidence that human MCs are a potential target of leukocytes and monocytes infiltrating the glomerulus in viral disease-associated GN. In this context, it is tempting to speculate that MCs may act as resident antigen presenting cells. Indeed, MCs are able to elicit an MHC class II-dependent proliferative lymphocyte response, 32 and could conceivably present viral fragments or cell debris, making use of ICAM-1 as a costimulatory molecule and thereby potentiating immune processes, including the infiltration of inflammatory cells. Particularly in glomerulonephritides that involve locally deposited immune complexes with a corresponding activation of complement, this hypothesis is substantiated by the observation of a concomitant induction of MHC class II molecules, ICAM-1 and complement receptors in human MC by interferon gamma. 33 This specific etiology needs further attention. 
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